The losses of benzoic acid and a homologous series of both mono-and dibasic aliphatic acids in oil shale retort water were monitored with time (21 days) in liquid culture (4% retort water, vol/vol) inoculated with soil. The organic acids constituted approximately 12% of the dissolved organic carbon in retort water, which served as the sole source of carbon and energy in these studies. The levels of the acids in solution were reduced by 80 to 90% within 9 days of incubation. From mass balance calculations, the decrease in dissolved organic carbon with time of incubation was equal to the formation of C02 and bacterial cell carbon. The decrease in the level of the acid components, either from degradation to C02 or incorporation into bacteria, would account for -70% of the loss in dissolved organic carbon within the first 9 days of incubation and would account for -50% of the loss over the entire 21-day incubation period.
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The continued development of extraction technologies in conjunction with higher costs of foreign crude oil have increased the potential of oil shale as a resource of domestic oil. A number of these technologies rely partially or completely on above-ground retorting (19) . Major products of the retorting process include retorted shale and water which arises from the pyrolysis of kerogen, release of free and inorganically bound water, and combustion of organic material. Shale oil and water (retort water) are removed from the retort as a mixture, and they partially separate during storage. The retort water fraction can contain soluble organic carbon as high as 4.2% (25, 26) , and preliminary investigations have indicated that many of the organic components are hydrophilic as indicated by their poor extractability by water-immiscible organic solvents (25) .
Organic components of retort water are of environmental concern because of the potential impact, over time, on ground and surface waters as a result of the use of retort water in dust control and compaction of retorted shale disposed above ground (19) . Also, there is some concern that local aquifers will not contain sufficient water to support full commercialization of western oil shale operations. Because of this concern, waste treatment processes are being developed to sufficiently improve the quality of retort water such that it can be recycled to help meet the needs of commercial oil shale operations. In this regard, there is additional concern that organic components of retort water may persist in recycled waters used in cooling systems, perhaps leading to extensive biofouling (11) .
The stability of organic residuals in retort water will be controlled, to a great extent, by microbial processes within retorted shale disposal piles as well as waste treatment processes. Previous results in our laboratories have shown that mixed bacterial and fungal populations derived from soil were capable of utilizing, as sole source of carbon for growth, organic residuals of retort water supplemented with phosphate (23) . Bacterial and fungal populations were differentiated by the use of streptomycin and tetracycline (fungal studies) and amphotericin B (Fungizone) (bacterial studies). Mixed populations of soil bacteria were found to reduce the dissolved organic carbon (DOC) content of 4% (vol/vol) retort water solutions by 30% in 25 days of incubation with no further detectable decrease up to 55 days. Fungal populations reduced the DOC content by 20% over a similar time period. Samples analyzed at termination of these studies contained no detectable levels of mono-and dicarboxylic aliphatic acids, previously shown to be constituents of the organic fraction of retort water (24) . In continuation of these studies we have examined, in greater des. tail, the bacterial degradation of specific organic acids in retort water during the log phase of growth. To estimate the extent to which these compounds contribute to bacterial growth, a total carbon balance was maintained throughout these studies by determining mineralized C02, DOC, and bacterial cell carbon.
MATERIALS AND METHODS
These studies were conducted in triplicate in liquid cultures which coatained retort water as the sole source of carbon. Samples were removed at intervals and were analyzed for DOC, bacterial protein, aerobic heterotrophic colony-forming units (CFU), mineralized C02, and mono-and dicarboxylic aliphatic and aromatic acids.
Retort water and soil. Retort water was obtained from the Department of Energy Anvil Points Oil Shale Facility, Rifle, Colo. The above-ground retort was being operated in the direct heating mode at the time the retort water was produced, i.e., retort gases were recycled to the retort and combustion of a portion of the carbonaceous fraction provided heat for the process. Before use, the retort water was filtered through glass wool and subsequently through a 0.45-,um membrane filter (Millipore Corp.). Filtered samples were stored in capped bottles at 2°C when not in use.
Soil for microbial inoculum was subsampled from surface soil (0 to 5 cm) collected near the oil shale facility. The soil was tentatively identified from a mapping unit as an Ildafonzo-Lazair complex.
Incubation system. The incubation vessel consisted of a sterile 500-ml amber bottle which was sealed with a Teflon-lined silicon rubber septum and contained a magnetic stirring bar. The culture medium (300 ml) consisted of 4% (vol/vol) retort water, 300 mg of soil as the microbial inoculum, and a salts solution (per ml: 1.0 mg of KNO3, 0.5 mg of MgSO4, 5 .68 mg of Na2HPO4 and 5.45 mg of KH2PO4). The initial pH was 6.8. During incubation the pH increased gradually to 7.1. This concentration of retort water was chosen because it yielded maximal bacterial growth in the above culture medium. Amphotericin B (10 pg/mi) was added to experimental cultures to retard fungal growth. Control vessels contained amphotericin B (10 ,ug/ml), streptomycin (30 pg/ml), and tetracycline (30 pg/ml) to inhibit both fungal and bacterial growth.
Both experimental and control media were filter sterilized before addition of the soil inoculum. Soil added to control vessels-was first autoclaved for 30 min on 3 consecutive days.
All incubations were conducted at room temperature (-24°C) with continuous mixing on a six-place magnetic stirrer to maintain a constant mixing rate for all reaction vessels. During incubation, the culture medium was continuously purged with C02-free air to remove metabolic CO2 and maintain aerobic conditions. The C02-free air was prepared by passing air through a gas train which included, in order, a Drierite column, an Ascarite column, and a concentrated sulfuric acid wash followed by two distilled water washes. The air was bubbled through the culture medium from a 20 gauge needle inserted through the septum of the reaction vessel. Gases were removed through a 20 gauge needle placed through the septum; they were passed initially through an empty test tube to collect foam passing from the reaction vessel and then through a NaOH trap (60 ml of 0.75 N NaOH) to collect CO2. Samples for measurement of DOC, protein analysis, aerobic heterotrophic CFU determination, and further chemical characterization were obtained by syringe through the reaction vessel septum. Determination of residual DOC and CO2 from mineralization. Samples for determination of DOC and CO2 were analyzed with an Oceanographic Carbon Analyzer (model 05248HR). Samples for DOC which had been filtered through a 0.22-,um membrane were analyzed by direct injection. Because of the C02-purging process during incubation, there was insufficient CO2 in these samples to affect DOC analysis. Samples for determination of CO2 were taken by syringe through the Teflon-lined silicon-rubber septum sealing the NaOH trap and directly injected into the carbon analyzer that was operating in the inorganic carbon mode.
Bacterial cell protein determination and estimation of bacterial cell carbon. Bacterial cell protein was measured by modification of the method of Oyama and Eagle (14) . Samples taken from the reaction vessel were centrifuged at 12,000 x g for 20 min. The supernatant solution was then discarded, and the pellet was resuspended in the salts portion of the incubation medium and again centrifuged at 12,000 x g for 20 min. The washed pellet was then suspended in 0.1 N NaOH and heated at 85°C for 3 h. After cooling, the sample was again centrifuged, and the supematant solution was analyzed for protein by the method of Lowry et al. (9) . Bacterial cell protein determined in this manner was then used to estimate cell carbon by assuming that bacterial dry weight is approximately 50% carbon as well as 50% protein (10) .
Determination of aerobic heterotrophic CFU. Aerobic heterotrophic CFU were determined by standard pour-plate techniques which utilized a selective medium (4) . The enumeration medium consisted of a minimal salts medium adjusted to pH 7.0 which contained 1.0 mg of KNO3, 0.5 mg of MgSO4, 5.68 mg of Na2HPO4, 5 .45 mg of KH2PO4, 2 mg of glucose, 5.0 mg of Casamino Acids, 1 mg of yeast extract, 15 the isolated organic acids with the spectra of known analytical standards and spectra stored in the National Bureau of Standards mass spectral library.
Methyl esters were prepared for analysis in the following manner. Aqueous samples (10 ml) taken from the reaction vessels were freeze-dried in 25-ml Corex centrifuge tubes. After the addition of 2.0 ml of BF3-methanol to the freeze-dried residue, the samples were heated to 60°C for 3 h. After heating, the excess BF3 was decomposed by the addition of 5.0 ml of water. The aqueous niixture was then extracted twice with methylene chloride (once with 2.5 ml, once with 2.0 ml). The combined CH2Cl2 extracts were concentrated under a stream of nitrogen to 1 ml, combined with 1 ml of internal standard solution (22 ppm of hexamethylbenzene in CH2Cl2), and again concentrated to a final volume of 1 ml and analyzed by capillary gas chromatography.
RESULTS
The organic components of retort water are a complex mixture of hydrophilic compounds (18) . The identification and characterization of these components are currently under investigation in part to estimate their microbiological degradability. Table 1 lists benzoic acid and a select group of aliphatic acids identified in retort water and quantitatively monitored during growth in microbial cultures containing 4% (vol/vol) retort water. Several methyl benzoic acids were also identified; however, the levels of these compounds were too low for quantitation. In total, these components comprise approximately 12% of the total DOC in retort water, with the aliphatic dicarboxylic acids constituting the major fraction. The prominent individual components were hexanoic acid (1.0%), butanedioic acid (1.0%), 2-methylbutanedioic acid (2.1%), and benzoic acid (1.4%).
The microbiological degradation of these specific acid components of retort water was investigated in liquid cultures inoculated with soil as a source of bacteria. Capillary gas chromatographic analysis of solvent extracts from cultures after 0 and 21 days of incubation (Fig. 1) showed that after 21 days the concentration of the organic acids identified, as well as other organic compounds, was significantly reduced. Monitoring the concentrations of specific organic acid fractions (aliphatic mono-and dicarboxylic acids and benzoic acid; Table 1 ) during incubation (Table 2) showed the major decrease in these components to occur between days 3 and 9. Other compounds that are slowly degraded and coelute with the identified acids could account for the residual levels of the organic acid fractions measured at days 9, 14, and 21. Such an observation would not be surprising considering the complexity of the capillary gas chromatograms in Fig. 1 .
The period of rapid loss of the acid fractions corresponds to the period of rapid CO2 evolution (Fig. 2) in experimental cultures. Evolution of CO2 (Fig. 2) began after a 5-day lag period which was followed by an initial rapid rate of CO2 evolution that decreased in rate through termination of the experiment.
The decrease in DOC during incubation was completely accounted for by the evolution of CO2 and the incorporation of carbon into bacterial cell carbon (Table 3 ). This suggests that the degradation that occurred was primarily the result of microbial metabolism. The primary role of microbial metabolism is further indicated by the minimal decrease in DOC (Table 3 ) and the low levels of CO2 produced (Fig. 2 ) from control flasks.
Although an underestimation of the bacterial CFU would result from the use of a selective medium for enumeration (i.e., only a fraction of the total bacterial CFU would be measured), the bacterial CFU qualitatively correlated with both the observed rate of CO2 evolution and the rate of incorporation of carbon into bacterial cell carbon (Table 3) . Bacterial CFU showed the greatest increase between day 3 and 6. (Table 1) which showed values greater than the detection limit during the incubation period. Detection limits ranged from 1.9 to 0.1. DISCUSSION We have identified a group of organic acids that are readily degraded in the early stages of growth of a mixed population of soil bacteria using retort water as the sole source of carbon and energy. These organic acids, which consist of benzoic acid and a series of mono-and dicarboxylic aliphatic acids, account for approximately 12% of the DOC in retort water. This and other studies have shown that between 25 and 30% of the DOC of retort water can be aerobically degraded to CO2 or incorporated by soil bacteria in liquid culture (4% retort water, vol/vol) supplemented with phosphate. Complete degradation of the organic acids in Table  1 between days 3 and 9 would account for approximately 70% of the observed decrease in DOC (Table 3 ) during this period. Over the entire 21 days of incubation, the degradation of these organic acids would account for approximately 50% of the decrease in DOC, with the remaining 50% from other organic compounds as yet unidentified. The identity of these other compounds is currently under investigation, along with those compounds which were not degraded. Some of these unidentified compounds most likely consist of the more volatile organic acids (ethanoic, propionic, etc.) and branched-chain acids that were not quantitated as a part of this study.
Based on the known degradation pathways used by soil bacteria for specific organic compounds, it is not unexpected that organic acids would be readily degraded. The biodegradability of organic components of retort water will depend to a large degree on their similarity in chemical structure to organic compounds for which bacteria have evolved degradative pathways (5). Numerous catabolic pathways, which include alpha, beta, and omega oxidation, have been well characterized for the microbiological degradation of aliphatic mono-and dicarboxylic acids (16) . In concert, these pathways can degrade the longer-chain aliphatic acids to 2-, 3-, and 4-carbon acids which are easily incorporated into bacterial metabolic pathways (6) . Several microbial metabolic pathways have also been identified for the degradation of benzoic acid VOL. 42, 1981 on October 28, 2017 by guest http://aem.asm.org/ Downloaded from (17) , and a variety of microorganisms have been shown to use it as a sole source of carbon and energy (12) . The degradation of some, possibly the more complex, organic residuals will require the concerted action of several bacteria that can partially degrade the parent compounds or intermediate degradation products by a variety of metabolic pathways (8) .
Extrapolation of the present results to management of retort water used in dust control and compaction of retorted shale at disposal sites would suggest that, at a minimum, 30% of the organic components (primarily organic acids) in the retort water used in these studies would be readily degraded under aerobic conditions, assuming a significant soil inoculum and other conditions appropriate for microbial growth. This percentage is suggested as a minimum because of the greater diversity of microorganisms present in the field situation as opposed to the limited microbial population normally expressed in a closed incubation system; i.e., greater microbial diversity would indicate greater potential for degradation (1, 20) .
The fact that 4% (vol/vol) solutions of untreated retort water were used in these studies must also be considered in light of the possible use of undiluted retort water with or without some treatment to improve water quality before disposal to retorted shale piles. Increasing concentrations of retort water have been shown to foul waste treatment processes (11, 13) as well as inhibit certain physiological processes of soil microorganisms (24) . However, the concentration of some of the inhibiting components may be reduced through adsorption to the retorted shale or leaching with subsequent dilution.
The ultimate fate of undegraded components in the field situation will depend on their mobility and chemical stability. The 
